through two methods: (1) Imaging description due to welldeveloped nanoscale pores and their high heterogeneity, new techniques are continuously being applied in CBM reservoirs to improve resolution and accuracy, including two-dimensional imaging methods (such as field emission scanning electron microscopy (FESEM), 6 broad ion beamscanning electron microscopy (BIB-SEM) 7 , and confocal laser scanning microscopes(CLSM) 8 ), as well as three-dimensional imaging methods (for example, focused ion beam-scanning electron microscopy (FIB-SEM), 9 focused ion beam-Helium ion microscopy (FIB-HIM), 10 atomic force microscopy (AFM) 11 , and nanocomputed topography (CT) 12 ). The ranges of pore size in coals observed by different methods are variable because of the differences in experimental principles. For
F I G U R E 1 Regional geological map.
A, Position and tectonic characteristics of the Qinshui Basin. B, the distribution of the sample points. C, Coal basin distribution in China F I G U R E 2 Device and sample diagrams. A, The polished sample for FESEM observation. B, FESEM device. C, CO 2 adsorption device (1) degassing plant (2) cooling trap (3) adsorption station). D, The flow chart of NMRC experiment instance, FIB-HIM has the highest resolution and can detect pores with diameters as small as 5 nm. FESEM with a secondary electron (SE) detector can be used for direct imaging and local quantitative calculation for pores larger than 10 nm in size. Components including organic matter (OM) and minerals can be recognized by Gray Threshold. [13] [14] [15] Moreover, compared with other methods, FESEM have low requirements for working conditions with an acceleration voltage <2Kv. 16 (2) Fluid intrusion: three additional categories are used for the detection of pore size scope: (1) The first kind of methods mainly focuses on the adsorption pores with a small diameter. As the decisive role of nanoscale pores in the adsorption capacity, many new methods have been applied to coals, such as low-temperature nitrogen and carbon dioxide (CO 2 ) adsorption, 17, 18 small angle X-ray scattering (SAXS), 19 small angle neutron scattering (SANS), 20 and nuclear magnetic resonance cryoporometry (NMRC). 21 A CO 2 adsorption test can detect the pore structures with diameter <1 nm due to the small diameter (0.33 nm), strong adsorption potential and activated diffusion of the CO 2 molecule, 17 which is not possible with other methods. Moreover, the specific surface area and pore volume from CO 2 adsorption is higher than those from lowtemperature nitrogen adsorption. 18 The PSD measured by NMRC ranges from 1 to 500 nm, and the accuracy of the results is higher than that of low-temperature nitrogen adsorption, especially for micropores. 21, 22 ( 2) The major research section is seepage pore and fracture, such as mercury intrusion porosimetry (MIP). Since the pores in CBM reservoirs have strong compressibility, 23 the results of adsorption pores obtained by this means are usually inaccurate. (3) Represented by nuclear magnetic resonance (NMR), this method is characterized by a wide measuring range from nano-to micron-scale pores. However, the PSD curves based on T 2 spectrum exhibit high smoothness and single peaks of adsorption pores, seepage pores, and fractures, separately, which shows the data with poor accuracy. [24] [25] [26] Nanopores, including micropores (2-10 nm in diameter), transition pores (10-100 nm in diameter), and mesopores (100-1000 nm in diameter), with relatively small pore sizes and large specific surface areas are the main storage space of CBM. These occupy up to 90% of the total amount according to results. 19, 27 The coal reservoir in the Qinshui Basin is characterized by high thermal evolution and nanopore proportions due to the presence of magmatic hydrothermal fluids. 28 Therefore, a systematic analysis focused on the nanoscale pore structure with a small diameter based on various improved methods is required. In this paper, 12 anthracite and semianthracite coal samples from the Qinshui Basin were collected to study the pore system of 0-500 nm diameter with both imaging description and fluid instruction methods using FESEM, CO 2 adsorption, and NMRC techniques: (1) the pore structure characteristics including pore size distribution, morphology, and fractal dimensions were systematically discussed; (2) Prior to imaging, samples were first polished by argon ion under stress-free conditions on LEICA.EM.TIC.3X equipment to make a smooth and damage-free surface. 15 Second, the samples with a polished surface of 5 mm × 5 mm were immediately analyzed using FESEM to prevent air pollution (shown in Figure 2A ). The imaging was performed on Merlin of ZEISS (shown in Figure 2B ) with acceleration voltage of 1.2 kV. The pixel size was 5 nm, and the minimum pores that could be clearly observed are approximately 10 nm in diameter. In the SE mode, organic matter appears darker gray, minerals are lighter gray to white, and pores are black based on atomic number contrast. 30 Sometimes, the sharp and protruding morphology at the pore edges may induce charge accumulation of second electrons and produce a luminous edge in the periphery of black pores, causing an underestimate of pore proportion.
As shown in Figure 3 , areas of 100 µm × 100 µm were randomly selected using ATLAS software, and the area was divided into small areas for amplification and observation. Under the condition of low magnification, the heterogeneity and PSD characteristics in small scale can be qualitatively analyzed. At larger magnification, the proportion and types of pore and components can be calculated based on pixel counts. The formulas are derived as follows 13 :
Areal porosity:
where n is the number of small regions after division; SF n is the scaling factor corresponding to the nth area; A is the area occupied by pores; A T is the total area. Proportion of OM-hosted pores to total pores:
where A OM is the area of OM-hosted pores.
In a similar way, proportion of mineral-associated pores to total pores:
where A MIN is the area of mineral-associated pores.
Proportion of OM component: where A OM and A MIN are the area of OM and mineral component, respectively.
Similarly, the proportion of mineral component:
| CO 2 adsorption experiment
CO 2 adsorption measurements were conducted with a Micromeritics ASAP 2020 specific surface area and porosity analyzer (shown in Figure 2C ). It comprised a degassing plant, a cooling trap, and an adsorption station. Powdery coal samples (60-80 meshes) were first put into the degassing plant. Meanwhile, CO 2 was imported into the cooling trap for cooling and purification. Subsequently, the samples were put into the adsorption station. By injecting CO 2 and equilibrating the sample, the coal particles can reach the equilibrium state under a saturation pressure. And the pore size distribution can be calculated according to the amount of gas adsorbed during pressurization. The adsorption data were finally determined based on Dubinin-Radushkevich (D-R), Dubinin-Astakhov (D-A), and Density Functional Theory (DFT) models, respectively. D-R and D-A models are a kind of micropore gas filling theory based on the Polanyi potential energy principle. D-R model: in a single adsorbate system, taking characteristic adsorption energy as E, the adsorbed volume by adsorbate is derived as follows 31 : >500nm , <500nm , OM and MIN , respect the proportion of pores with diameter >500 nm, <500nm, OM-hosted pores and mineral-associated pores, respectively. P OM and P MIN respect the proportion of OM and minerals, respectively.
T A B L E 3 Areal porosity and component proportion based on FESEM analyses
where V is the adsorbed volume at relative pressure p 0 /p; V 0 is the maximum volume of adsorbed gas; θ is the micropore filling rate; E 0 is the characteristic adsorption energy that can reference fluid; β is similarity factor; R is the gas constant; and T is the equilibrium temperature. Using logarithms for Equation 6 , this can be revised as follows:
Therefore, through the linear fitting of InV and ln
total pore volume is attainable through intercept. Replacing the exponent 2 in Equations 6 and 7 with n, the D-A formula can be obtained.
The DFT model is a statistical mechanics method for describing the adsorbed substance at the molecular level. Based on the adsorption isotherms acquired by the microscopic method and experimental isotherms measured in porous media, the generalized adsorption isotherm (GAI) equation is defined as follows 32 
:
where N P P 0 is the data of experimental adsorption isotherms; R is pore size; N P P 0 ,R is the isotherm of a single pore with the pore size of R; and f (R) is PSD function. The porous adsorption isotherm is available for pore structure analysis by multiplying numerous single pore adsorption isotherms via the PSD functions corresponding to the covered pore size range under the Tarazona state equation. 33, 34 As one of the most advanced computation models for PSD analysis, DFT has been widely applied to various porous materials, especially nanoporous carbon, with a main measurement range of 0.35-100 nm. 35, 36 Normally the computation models based on traditional macroscopic thermodynamics (such as D-R, BJH or H-K) assume gas to be in a macroscopic-free state and neglect the restriction on the molecule motion in micropores or slotshaped pores, causing the pore size underestimation. On the other hand, DFT can match the molecular properties of gas adsorbate with the adsorption properties in corresponding pore size range. 33 Furthermore, the isotherms can be associated with the microscopic properties of adsorbate-adsorbent systems in DFT calculation to effectively reduce error. Hence, the pore structure is analyzed based on DFT method in this work.
| NMRC experiment
The NMRC experiment is performed through the cycle of freezing and thawing using distilled water as the probe. Samples were first ground into pillars of 1.5 cm in diameter. Thereafter, preparatory work including drying, vacuum pumping, and pressurized water saturation was carried out. The NMRC experiment began on an NMRC12-010V lowtemperature spectrum analyzer with a main frequency of 11.053 MHz. Figure 2D illustrates the experimental set-up. Samples were first cooled to -30°C and then gradually heated to 0.2°C through gas injection from the cold trough, with the temperature intervals varying from 0.1 to 2°C. The sample cell was furnished with a magnetic field. After remaining at each temperature point for 10 minutes, the changes in NMR signals from emitted to collected can be recorded by the IPC & radio frequency cabinet. Finally, the pore volume can be reached by determining the volume of melted water under the corresponding pore size. The core principle is to establish a relationship between the transformation temperature of the probe and the corresponding pore size based on the Gibbs-Thomson thermodynamic equation 37 :
where r is the pore size; T m (r) is the melting point of crystal with a diameter of r; T ∞ m is the melting point of bulk crystal; sl is the surface energy of the crystal and liquid interface; ΔH f is the melting enthalpy of macroscopic substances; and ρ s is the solid density.
| RESULTS
Based on the IUPAC 31 and Hodot 38 pore classification, the pores can be divided by diameter into supermicropores (<2 nm), micropores (2-10 nm), transition pores (10-100 nm), and mesopores (100-1000 nm). 39 Pore structure parameters obtained from CO 2 adsorption and NMRC, respectively, are shown in Tables 1 and 2. 3.1 | Measurement of supermicropores with CO 2 adsorption Figure 4A1 ,B1 display the supermicropore distribution in semianthracite and anthracite, respectively. The PSD exhibits a typical bimodal distribution that is broadly unified among the 12 samples. The pore volume of the first peak (0.50-0.65 nm in pore size) is higher than that of the second (0.85-0.90 nm in pore size). Moreover, for the first peak anthracite shows a larger pore volume than semianthracite, while for the second peak there is little difference. Comparing the CO 2 adsorption curves ( Figure 4A2,B2 ), the gas adsorption capacity of anthracite is obviously higher than that of semianthracite.
| Measurement of micropores, transition pores, and mesopores with NMRC
The PSD of semianthracite and anthracite measured by NMRC with diameters ranging from 1 to 500 nm can be divided into two types. As shown in Figure 5 , type I displays a relatively uniform distribution of among micropores, transition pores, and mesopores. The jagged curve has multiple peaks and the pore volume between adjacent pore sizes varies greatly and frequently, revealing high complexity and heterogeneity of the pore structure. The PSD of type II presents a decreased pore volume with pore size. The pore volumes that ranged from large to small is in the order of micropores, transition pores, and mesopores.
| Observation and statistics with FESEM
Through precise imaging under FESEM, multiple pores can be divided into two types: OM-hosted and mineral-associated pores. OM-hosted pores occur as round, elliptical or water drop-shaped stomata with smooth edges and few minerals filled inside ( Figure 6A ). Single OM pores are generally small, with diameters less than 400 nm. Most of these are scattered with poor connectivity. Mineral-associated pores are defined as the pores associated with minerals (both crystalline minerals and amorphous inorganic components), including corrosion pores, mold pores, intercrystalline pores, etc. [40] [41] [42] In high-rank coals, mineral pores are quite irregular both in size and morphology, and generally show angular edges due to deformation force ( Figure 6B ). The direction of the elongated pores is primarily consistent with the overall orientation of the mineral grains. The areal porosity calculated by formulas (1)- (5) is approximately 0.44%, in which the pores with diameters <500 nm account for 86% (Table 3 ). The lower porosity may be because the original surface roughness cannot be displayed under FESEM. Additionally, the sharper and protruding morphology at the edge of pores may also cause an underestimate. For total coal composition, OM and minerals account for 91.91% and 8.09%, respectively, whereas OM pores and mineral pores contribute 25.49% and 74.51% to the total pores, respectively. The reason is that besides the effect of compaction and cementation, a large amount of secondary OM produced during long-term coalification for high-rank coals preferentially fills OM pores, 43 leading to less development in the matrix.
| DISCUSSION

| Coalification jump from
semianthracite to anthracite Figure 1 illustrates the location and tectonic environment of sampling points. Yangquan and Shouyang blocks are located in the northeastern margin of the Qinshui Basin. As affected by magmatic intrusion from the northeast, 44 the coal rank in the study area is gradually changing from anthracite to semianthracite. As shown in Figure 7A , the blocks are close to the magmatic belt of the Yanshanian stage with concealed intrusive body at the bottom, which could cause anomalous thermality in the deep. Based on the hightemperature roasting effect of magma, the coals experience the regional magmatic thermal metamorphism besides initial plutonic metamorphism, which causes a coalification jump from semianthracite to anthracite. 45 During the process, a
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The relationship between cumulative volume and vitrinite content. A, 1-500 nm in diameter. B, 2-10 nm in diameter. C, 0-1 nm in diameter large amount of volatile matter in coal seems to get lost. As shown in Figure 8D , there is a negative correlation between the volatile content and vitrinite reflectance. Generally, the influence of magma is directly related to the distance of coals from the intrusive body. The shorter the distance is, the stronger the metamorphism will be (Figure 1) . However, the S5 sample is located far from the intrusion while its vitrinite reflectance is rather high. This phenomenon is attributed to the coals that are situated in the steep-slope belt with a large paleoburial depth. 44, 46 The coal evolution is dominated by plutonic metamorphism. Under the thermal metamorphism, coals generate hydrocarbons rapidly, accompanied by creating a large number of stomas with a small aperture. Taking R o,m 4 and D respect the fractal dimensions of mesopores, transition pores and micropores for type I pore structure and mesopores and transition pores, micropores for type II pore structure and total pores, respectively. R approximately 2.6% as the boundary, a clear jump in pore volume indicates a large formation of supermicropores and micropores during the coalification from semianthracite to anthracite( Figure 8A,B) . In addition, minerals gradually infiltrate into the coal reservoir through groundwater flow, resulting in primary pore partially getting filled. As shown in Figure 7B , the volume of supermicropores and micropores increased by 57% and 43%, respectively, while the volume of the transition pore and mesopore decreased slightly, by 17% and 23%, respectively. As shown in Figure 8C , vitrinite get purified and enriched in the process of the rapid maturation of coal reservoir, with the increased content by about 10%. The inertinite proportion gets reduced accordingly. Vitrinite possesses strong thermoplasticity and high methane-generating capacity compared to other components, 47 which is beneficial for the development of the microporous structure. As shown in Figure 9 , the pore volume (<500 nm in diameter) increases continuously with vitrinite content, especially for micropore and supermicropore. In the semianthracite sample which is less affected by the magma baking, stomas mostly occur sporadically ( Figure 6C ). While for the anthracite, stomas are more concentrated and often associated with other types of pores, like corrosion pores in Figure 6F . As shown in Figure 6D , a stomatal group appears in homocollinite, with smooth edges, clear outlines, and few minerals filled in. Moreover, the stomas are prone to get deformed during thermal expansion and contraction. It can be found that the deformation of pores with a large diameter is more obvious for the poor stress-bearing capacity and high temperature sensitivity ( Figure 6D,G) . By comparison, the pores with small diameter can retain better circular or elliptical shape, and the long axes are mostly oriented (Figure 6E,F) .
| Fractal characterizations from micropores to mesopores of anthracite
The fractal theory has been widely applied to quantitatively study the irregular structure of porous material, which has a certain degree of self-similarity. 48, 49 The analysis via CO 2 adsorption is meaningless due to the narrow range of radius. In this paper, the fractal characteristics were investigated based on NMRC to discuss the heterogeneity of pore structure. Corresponding to the Gibbs-Thomson thermodynamic equation (Equation 9), fractal dimensions can be obtained to determine the pore volume complexity in NMRC. 22, 37, 50 where r max is the maximum of pore diameter, Sv is the percentage of accumulating volume in the total pore volume when pore size is less than r. The fractal dimension D can be calculated by the slope in the linear plot of lg(Sv) against lg (−ΔT m ).
As shown in Figure 10 , the aperture fractal dimensions from the NMRC experiment are applied. Pores can be divided into multiple segments of fractal geometry bodies according to the turning point of the slope. The two kinds of pore structure divided in section 3.2 exhibit different fractal features (shown in Figure 10A -B and C-D, respectively). The 
F I G U R E 1 2
The linear fitting of V L and the pore volume at different size sections turning points of type I are mainly distributed in the range of 100-125 nm, displaying a high similarity of heterogeneity between transition pores and micropores. In addition, mesopores obviously show a higher complexity than transition pores and micropores. While for the type II pore structure, the turning points appear from 8 to 20 nm and the micropores turn to show a much smaller degree of heterogeneity than transition pores and mesopores. The R 2 in every segment is basically higher than 0.85, with an average value of 0.923(data are shown in 4 . The results represent that the heterogeneity is increasing with the decrease in pore size. Moreover, the pore structure of type I is more complex than that of type II. The different properties between the type I and type II pore structure could be influenced by the vitrinite content. As shown in Figure 11 , the vitrinite content and cumulative volume of type II are both higher than that of type I for anthracites; the phenomenon is not obvious for semianthracites. Vitrinite originating from the lignin and cellulose of xylem and parenchyma of plant stems, leaves and roots is normally characterized by a high degree of homogenization and brittleness. Pores and fractures are more inclined to be developed in vitrinite. A higher content of vitrinite is beneficial to the increase in pore volume, especially for micropores. As a result, the type II samples display a significantly larger pore volume, especially micropores than type I in the PSD curves. Moreover, OM especially vitrinite produces a large number of micropores in coalification, which is a process of order improvement. With the increase in pore volume, the porous throat structure gradually reduces the roughness and improves connectivity. first the diameter of the CO 2 molecule is smaller than that of CH 4 . The PSD obtained by CO 2 adsorption is below 1 nm, which can only accommodate two CH 4 molecules at the most. Second, the CO 2 molecule has a higher boiling point and deeper adsorption potential 51, 52 ; therefore, the pores detected by CO 2 may be inaccessible to CBM adsorption. Figure 14A shows a positive correlation between R o,m , supermicropore volume and average adsorption rate of CO 2 , respectively, with R 2 both above 0.8. The R 2 for maximum adsorption rate even reaches 0.9107 ( Figure 14B ). Therefore, although the impact on CBM adsorbing or reserving is rather weak, the increase in supermicropore volume with R o,m can effectively improve the adsorption rate and capacity of CO 2 . Figure 13 shows no or weak correlation between V L and the pore volume with diameters from 1 to 5 nm, which is related to poor connectivity. The reason for the groups of 80-125 nm and above 160 nm might be that the specific surface area increases slowly with pore volume.
| Influence of pore heterogeneity on adsorption capacity
The fractal dimensions acquired by the NMRC experiment can reflect the heterogeneity in coals. Figure 15 shows that the Langmuir volume decreases with increasing the fractal dimensions of the micropore to the mesopore system (1-500 nm in diameter), with a correlation coefficient of 0.601. Moreover, through the fitting of different pore size segments, there is an obvious negative relationship between Langmuir volume and the fractal dimensions of micropore and transition pore, with correlation coefficients of 0.546 and 0.347, respectively. It indicates that increase in pore heterogeneity could reduce the adsorption capacity, in which the complexity of micropore and transition pore is highly influential.
| CONCLUSIONS
This research used a combination of FESEM, CO 2 adsorption, and NMRC techniques to systematically study the nanoscale pore structure for high-rank coals with well-developed adsorption pores, to evaluate its impact on adsorption, with the following conclusions:
1. A coalification jump from semianthracite to anthracite occurred in coals of Yangquan and Shouyang blocks due to the magmatic intrusion from the northeast. A large number of stomatal groups were produced based on the high-temperature roasting effect of magma. Changes in parameters including cumulative pore volume, volatile, and vitrinite content occurred during the coalification jump. 2. The pore structure of anthracite in Yangquan and Shouyang blocks acquired from NMRC experiment can be divided into two types according to the pore size distribution and heterogeneity. For type I pore structure, mesopores obviously show higher complexity than transition pores and micropores and there is a high similarity of heterogeneity between transition pores and micropores. While for type II, the micropores turn to show a much smaller degree of heterogeneity than transition pores and mesopores. In addition, the results show that the type II samples display larger pore volume than type I and the pore structure of type I is more complex than that of type II, which is the effect of the vitrinite content. 3. Through fitting V L and the pore volume at different size groups, transition pores basically show higher correlation coefficients than others, in which the pore volume with diameters of 25-30 nm and 50-60 nm plays a dominant role in CBM adsorption. The supermicropores detected by CO 2 may be inaccessible to CBM adsorption. Moreover, the results show that increase in pore heterogeneity corresponds to lower adsorption capacity, in which the complexity of micropore and transition pore is highly influential.
